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ABSTRACT
Currently, there is no formal method for the development and testing of medical device software,
such as that used in pacemakers and implantable cardioverter-defibrillators (ICD). A large
majority of device recalls are due to failures in the software that went undiscovered during
product testing. For example, safety recalls of pacemakers and implantable cardioverter
defibrillators due to firmware (i.e. software) problems between 1990 and 2000 affected over
200,000 devices, comprising 41% of the devices recalled. In order to preempt these failures, the
device companies and the regulatory agencies, such as the FDA, need a better way to formally
and functionally verify these devices before bringing them to the market. The heart model
outlined in this paper is a tool used to simulate, test and validate these devices across multiple
modalities in a plug-and-play manner. By synthesizing a large number and variety of intracardiac electrogram and derived external electrocardiogram signals, the model will create a
database well beyond the scope of the MIT-BIH ECG database, the current standard for most
cardiac medical device algorithm testing. This heart model allows for more extensive formal and
functional testing of pre-market cardiac medical devices to detect flaws before the devices are
implanted in patients.
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1. INTRODUCTION
As the medical device industry grows, more devices contain software without a person in the
loop. However, the Food and Drug Administration (FDA) and other regulatory agencies have no
formal method for testing and verifying that the software performs properly and does not
malfunction. For this reason, as the medical device industry grows so does the number of
medical device recalls. The percentage of device recalls due to software problems is
exceptionally high in cardiology and in vitro diagnostics due to the heavy reliance on software in
these fields [1][2]. Many recalls in cardiac devices are due to inappropriate delivery of treatment
or inability to intervene when necessary [3]. According to Compton, 25-33% of implantable
cardioverter-defibrillator (ICD) shocks delivered are inappropriate, causing unnecessary pain and
damage to the patient [4]. Firmware problems go undiscovered during FDA testing and approval
because the algorithms are completely proprietary to the device companies. Each company has
its own method for testing and validating its own algorithms, but there is no standardized, formal
method that the FDA can utilize to ensure all ICD’s deliver shocks appropriately and all
pacemakers maintain proper cardiac rhythms.
The development of a virtual heart model (VHM) that can be applied in research and medical
environments allows for the betterment of medical device development techniques. The VHM is
part of a larger virtual patient model (VPM). Data from every patient entering a hospital and
undergoing tests will be stored and used to create an individualized patient model. Incorporating
this data into a generic body model, such as the VHM, calls for the creation of interactive signals
for use by doctors and researchers alike. Currently, a patient who enters the hospital to have a
cardiac ablation procedure for treatment of an arrhythmia undergoes hours of monitoring and
several pre-operative tests [5]. These data are stored only for the duration of the patient’s visit
and are discarded afterwards. If this data could be saved and incorporated into a database, it
would enhance future patient diagnostics and provide a more extensive database for device
validation and verification.
This paper focuses on the development plan for the VHM with the primary aim of testing
medical devices for premarket approval. Section 2 provides further background on the growing
issue of software failures as well as a summary of current patient models. Section 3 overviews
the virtual patient project. Section 4 details the design components of the VHM. Section 5
addresses how the current version of the VHM is implemented. Sections 6 and 7 present
conclusions reached during the development of the project as well as future directions. Section 8
lists possible applications of the complete VHM and VPM.

2. BACKGROUND
2.1. Population of Medical Device Users
Every year, over 100,000 ICD’s are implanted in patients throughout the United States [6]. This
number will continue to increase as the baby boomers age and as the rate of obesity-induced
cardiac disease climbs, as predicted by [7] and [8]. Since 1990, the number of pacemakers
implanted has doubled and the number of ICD’s implanted has increased 11-fold. These devices
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are implanted in patients with arrhythmias and those who are at risk of sudden cardiac death.
These conditions are usually associated with obesity, diabetes, and hypertension [9]. It is
predicted that 1% or less of the devices that are implanted will malfunction [10]. However, this
statistic is surprisingly high when the raw number of deaths is considered. This number will
only increase as the number of implanted devices increases in the near future.
2.2. Current Patient Models
Patient models have many uses, including device testing, medical staff training, and scenario
modeling. The MIT-BIH database contains collections of signals from real patients. Some of
the waveform data contains simultaneous ECG, blood pressure, arterial pressure, CO2 level, and
respiration recordings [11]. This allow for the analysis of multiple aspects of a patient’s health at
once, without the presence of an actual patient. These recordings contain all the variability
characteristic of real-time signals, but are often too short and do not contain the interaction to be
useful in comprehensive device testing. An alternative model is the MedSim300 patient
simulator by Fluke [12]. It is a signal generator that can be used for medical personnel training as
well as medical device testing. This device can synthesize signals of cardiac arrhythmias, oxygen
levels, respiration, and more. However, these signals are highly simplified and do not contain
the variability inherent in true patient data. The virtual patient model outlined in this paper
contains the variability of true data with the freedom of a synthesized signal.
2.3. Current Heart Models
Models of cardiac tissue excitation and contraction have been developed at institutions across the
globe. However, many of these are complex, based on intracellular electrical conduction and
action potentials. Boulakia et al. have developed a model to simulate external ECG recordings
based on the electrical activity across the membranes of a network of interconnected cells [13].
Trayanova et al. have modeled the cardiac structure and its response to electrical stimulation,
ranging from arrhythmias to depolarization [14]. These models contain both mechanical and
electrical components on the micro level, but are highly complicated and too computationally
heavy for real-time processing. The model developed in this paper is on a macro-level,
modeling the global electrical activity of the atria and ventricles of the heart.

3. VIRTUAL PATIENT
Creating the virtual patient has a dual purpose, to create a complete medical history for each
patient, and to provide a larger number of medical recordings to the public domain for research
purposes. This project is developed separately from but has potential to be included in the
electronic health record [15].
3.1. Medical History
The virtual patient model will compile all medically-relevant information from a patient into a
single location to enhance treatment capabilities. Data and results from all tests will be stored
here, even if they are not deemed relevant to a specific issue at the time of recording. As
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medical testing and screening becomes less invasive, even healthy patients will have detailed
recordings taken, such as electrophysiology studies of their hearts. The maps created during
these tests can be stored in the VPM and provide a healthy baseline for future comparison if the
patient develops a heart abnormality.
The medical history will also incorporate details about a patient’s lifestyle. This includes
physical activity levels, living environment, and daily habits. Previous medical treatments can
also be relevant to the VPM. Usage of certain cardio-active drugs affects the performance of the
heart and circulatory system. Data such as prescribed drugs, medical treatments or therapies
used, the number of hours per week a patient exercises, and the quality of air in the patient’s
living environment are all important factors that can alter his or her health status, both
temporarily and in the long run.
3.2. Data Storage
The MIT-BIH database is now the largest and most widely used database for real signals. This
data is used to test and verify research-based devices and algorithms as well as devices
developed for the market. The database is not the ideal resource for pre-market testing because
of the limited number and variety of signals available. One of the main uses of the database is
for electrocardiogram (ECG) algorithm testing. However, most of the signals within the
database contain only two leads of pre-recorded data, while standard ECG’s contain 12 leads.
Doctors are only able to make a satisfactory diagnosis by examining recordings from multiple
locations on the patient’s chest. Two leads do not contain enough information to make a
diagnosis.
When the database was created in the 1980’s, it contained a wealth of signals compared to other
sources [16]. Because the database is not updated regularly, many of these recordings have
become outdated and are of low quality compared to those taken with new devices. The data
stored in the VPM will be updated regularly as the patient’s health is monitored over the years.
By making the data stored in the VPM anonymous and available to the public, it will provide a
variety of high quality signals for all who desire to use them. The VPM has the potential to be a
more powerful algorithm testing tool for all types of medical devices than the MIT-BIH
database.

4. DESIGN AND DEVELOPMENT
The first iteration of the virtual heart model was recently developed by the authors for the
purpose of virtual and real medical device testing. For this reason, the VHM had to produce
electrical signals similar to those recorded by medical devices, namely electrogram and ECG
signals. In order to minimize the complexity of the model while making it as rich as possible, it
was necessary to translate between the electrogram signals (measured from the interior of the
heart) and the ECG signals (measured from the skin on the torso). Transforming electrogram
data into multiple-lead ECG signals is known as the forward problem, while transforming the
surface signals to the intracardiac signals is known as the inverse problem [17]. This iteration of
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the model utilizes the inverse problem, as ECG signals are more readily available for testing and
manipulation.
4.1. Electrophysiology

Figure 4.1: Components of the normal ECG. The
baseline (blue) corresponds to the time of no electrical
activity in the heart. The P wave is atrial depolarization.
The QRS complex is ventricular depolarization. The T
wave is ventricular repolarization.
Source: Garcia and Holtz [18].

The electrocardiogram is the most readily
available recording of heart activity because
it is a non-invasive and relatively
inexpensive monitoring procedure. Using
ten electrodes placed across the surface of
the upper torso, the ECG records the global
electrical activation of the heart muscle that
correlates with the contraction of the heart
and expulsion of blood. The components of
lead II of the standard ECG are shown in
Figure 4.1. When the heart is beating in
normal sinus rhythm, this pattern is repeated
continuously at a constant rate [18].
However, when the heart functions
abnormally, the morphology of the ECG is
altered in relation to the type of arrhythmia.

In order to artificially generate ECG signals for the VHM, recordings of normal and arrhythmic
signals were taken from the MedSim300 and stored. These signals were parsed into individual
heart beats and then parsed again into the individual components of the beat, namely the P wave,
QRS complex, T wave, and baseline, shown in Figure 4.1.
State models for each arrhythmia were generated from the parsed ECG signals. For example, the
normal sinus rhythm state model contained P, QRS, T and a baseline of variable length. The
length of the baseline was altered to increase or decrease the frequency of the signal and replicate
varying heart rates.
4.2. Inverse Problem
Although ECG recordings from the body surface are easy to obtain, the traces from the twelve
leads are not intuitive and give only limited spatial discrimination inside the heart. A more
useful display of the intracardiac excitation levels is through the Frank XYZ leads, which show
the projection of the heart vector on the anatomical planes. The inverse Dower matrix was used
to map the ECG signals into the XYZ components of the heart vector [19]. Figure 4.2 shows a
tool developed by the author for visualization of the heart vector in three-dimensional space.
The heart vector or vectorcardiogram (VCG) is a useful precursor to a complete model of
intracardiac excitation because it maps the electrical activity from the surface of the body to the
inside of the chest and heart.
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Figure 4.2: a) 3D Heart Vector Loop Derived from 12-Lead ECG for one heart beat, b) Projection of the heart
vector in the frontal XY plane, c) Projection of the heart vector in the left sagital YZ plane, d) Projection of the
heart vector in the horizontal XZ plane, e) Tracings of the 12 ECG leads for one heart beat.

4.3. Hardware
The model was implemented on a
programmable hardware platform, allowing the
user to directly interface with analog and digital
devices. For this project, the VHM was
implemented on the National Instrument
sbRIO-9641 FPGA board, shown in Figure 4.3
[20]. The virtual heart model is embedded in
the real-time microcontroller. The signals are
fed through the FPGA chip to the ADC and
DAC onboard, allowing for the transmission of
signals between the patient simulator on the
computer, the MedSim300, an oscilloscope, and
medical devices.

Figure 4.3: National Instrument sbRIO-9641
FPGA

5. IMPLEMENTATION
All aspects of the heart model software were created in Labview and embedded in the NI FPGA
board. The Labview GUI is shown in Figure 5.1 and the code is shown in appendix D. The
heart model responded to three inputs: atrial pacing, ventricular pacing, and an ICD shock. A
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state diagram of the arrhythmia heart model is depicted in appendix A. The more detailed state
diagram of the pieces of sinus rhythm and parts of the ECG are depicted in appendix B.
In this version of the GUI for the heart model, pacing and shocking are manually implemented.
This allows for comprehensive testing of the heart model to aid development of the algorithms.
For normal sinus rhythm (NSR), the heart rate can be adjusted at the start of signal generation.
The construction of the ECG signal in real time is done on the real-time microcontroller. The
signal is output through the FPGA board and the DAC to the virtual pacemaker or ICD medical
device. The medical device software reacts similarly to how a real medical device would react.
The software contains a QRS detector, allowing for heart rate detection and thus identification of
the state of the heart. The medical device can then output a pace or shock signal, which is fed
back through an ADC to the FPGA and into the heart model.

c
a

d
b

Figure 5.1: Interactive user interface for the heart model version 1.0.
a) the signal being input from the heart model to the virtual medical device, b) the signal output from the virtual
medical device, c) control box for the ICD shocking or pacing functions of the medical device, d) display of the
current state of the heart model, either normal sinus rhythm (NSR), bradychardia (BRAD), ventricular
tachycardia (VTACH), or ventricular fibrillation (VFIB) and the hear rate measured by QRS detector.

Because the system contains the heart and device in a closed loop, the heart model can react to
inputs from the medical devices. This gives the entire system a dynamic nature that one does not
find in recorded signals from real patients. For example, if the initial state of the heart is
ventricular tachycardia (VTach), the ICD would normally pace in order to restore NSR.
However, if the ICD does not detect the VTach for some reason, the state of the heart will
degrade to ventricular fibrillation (VFib). For this state, the ICD detects the chaotic rhythm and
delivers a shock. This shock causes the heart model to restore NSR.
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Not every situation with medical device intervention is ideal, and some can lead to unhealthy
results. For example, if the ICD shock or pace is delivered when the ventricles are undergoing
repolarization, the heart will not reset to NSR, but will instead go into VFib. This is
implemented in the heart model to ensure that the medical device software can detect when the
heart is in the T wave (ventricular repolarization), and will thus withhold shock until an
appropriate time.

6. DISCUSSION
The virtual heart model was successfully created to interact with actuations from medical devices
and medical device software. This actuation will allow for direct testing of medical devices by
the FDA and by the medical device companies themselves. The heart model can respond to
pacing located in the right atrium and the right ventricle, as well as shocks delivered in the right
ventricle. The location of the virtual electrodes that deliver the pace or shock is not variable
within the model as it would be in a real patient. Adjusting the location of electrode attachment
in the heart wall will need to be incorporated in later iterations of the model.
The current version of the model incorporates a comprehensive set of arrhythmias that are
important for medical device testing, namely VTach and VFib. The model does not, however,
contain more complex arrhythmias such as heart block or atrial fibrillation, which would be
necessary for more in depth analysis and testing of software. Each arrhythmia is represented as a
separate state in this version of the model. In order to make the model more physiologically
accurate, the model must become based on probabilities and other factors. This can be done
using a Hidden Markov process to train the heart model to create more realistic signals.
The use of electrocardiogram signals in the heart model is not realistic for integration with
medical devices, as most devices are implanted inside the patient’s chest and respond to
electrogram signals. For this reason, the use of the vectorcardiogram transform or another
inverse model solution is necessary to transform between the external ECG signals and the
internal electrogram signals. Once this transformation is made, real medical devices can be
plugged in to the model hardware and interact in a closed-loop fashion.
In conclusion, version 1 of the virtual heart model outlined in this paper provides a solid
foundation on which to build a more complex and realistic model. The closed loop nature allows
for interaction between the heart and devices. A complete model will provide medical device
companies with a tool for proper software development and testing. It will also provide the FDA
and other regulatory agencies a method to formally validate and verify this software before
approving it for the market. With both the FDA and the device companies working to improve
software development, device malfunctions due to software issues are hoped to decrease
significantly and reduce the rate of device-related mortality.
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7. FUTURE WORK
7.1. Integration of the Virtual Patient Model
By combining the recorded signals from patients with the synthesized signals from the VHM, the
model will be able to create an infinite array of cardiac electrical signals. A purely synthesized
signal, such as that created by the MedSim300, is not sufficient for testing and validation of
medical devices. Those signals do not contain the variability and unpredictability of signals
recorded from real patients.
7.1.1. Context of Signal
While standard ECG signals contain useful features due to redundancy and quality of signal, they
are limited by the context of the recordings. Because the patient being monitored must be
hooked up to the ECG through ten electrodes with connection wires, the patient must remain
relatively still. For this reason, nearly all ECG signals are recorded while the patient is
stationary. They contain no artifacts due to movement or exercise exertion.
Recordings taken from Holter monitors [21] or Loop monitors [17] are taken while the patient is
ambulatory. This means the signals recorded by these monitors contain artifacts associated with
patient motion, environment, and activity level. The VHM will be able to extract these artifacts
from recorded signals and superimpose them on the signals produced by the modeling, creating a
more realistic and more widely applicable model. Artifacts can arise from activity level, such as
running, walking, sleeping, and emotionally and physically stressful situations. The patient’s
environment and surroundings, such as being underwater, at high altitudes, or at extreme
temperatures, can affect the operation of his or her cardiac system. The patient’s internal state,
such as hormone levels or any drugs that are in his or her system, will also alter the signals,
making them more complex for interpretation by software algorithms.
A basic example of artifact integration is breath rate. Breathing causes a baseline variation in the
ECG because the distance from the heart to the torso wall changes as lung diameter increases and
decreases. The breath rate also introduces variability in heart rate. As the lungs expand, they put
pressure on the major veins and arteries in the chest, causing blood pressure to increase, which
then triggers heart rate to decrease [18]. The VHM must be able to introduce the wandering
baseline and the variable heart rate into synthesized signals.
7.1.2. Patient-Specific Signal
Just as the context artifacts can be integrated into synthesized signals, so can patient specific
artifacts. This includes elevations in the ST-level, morphology changes in the P wave, and
lengthened PR interval due to diseased conduction pathways. A combination signal containing
context and patient artifacts superimposed on the general VHM has uses in medical care. This
virtual patient can be used to test medical devices specifically with the patient in mind to see
how he or she will respond and if the device will function properly
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7.2. Signal Database
The combination signals give the heart model user the freedom to create a complex signal that
will respond to actuation or feedback from an ICD or pacemaker. This provides a better testing
environment for software validation and verification than other databases, which are static and
provide no response. In addition, multiple forms of cardiac excitation signals need to be
generated. This includes ECG, endocardial and epicardial electrograms, and cellular-level action
potentials. Using these signals, the heart model can be used to test both implantable and on-body
medical devices. Future iterations of the VHM will contain spatial information on the muscular
contraction and deformation of the heart, allowing mechanical-based medical devices to be
tested as well.

8. APPLICATIONS
The VHM can be used in both research and medical environments. The formal model can be
used by the FDA for rapid premarket testing, validation, and certification. The model can be
used in clinical trials for cardio-active drugs and other pharmaceuticals. The patient-specific
model is useful for pre-operative diagnosis, potentially reducing the number of cardiac
procedures. It also has uses in post-operative recovery monitoring, to ensure that treatment was
complete and complications do not arise.
8.1. Research and Development
The heart model can be used by the FDA for rapid premarket testing, validation and verification
of medical devices. Currently, the FDA entrusts the validation of medical device software to the
companies that make the devices. These companies run the software through a set of signals that
was determined by the company itself to be sufficient for testing. The FDA is not involved in
choosing the set of signals, so they cannot be sure the device is actually validated or compare
performance across different devices.
Examples of devices that require software validation and verification are implantable loop
monitors, pacemakers, and ICD’s. In conjunction with the design of the heart model, the authors
will design an electrocardiogram monitoring adhesive strip. The strip, which will be placed on
the patient’s chest above the heart, will contain two electrodes for signal acquisition and
embedded programmable hardware for arrhythmia detection. The software on the monitoring
strip will be verified and validated using the heart model. It will provide useful feedback during
the model development to make the model interact properly with device software.
8.2. Medical
In many situations, insufficient patient history and data are recorded to make a diagnosis. In
these cases, the doctor can conduct new tests, which are time consuming and costly, or he or she
might perform a procedure or surgery the patient may not need. Integrating a medical history
and patient lifestyle with a more general heart model will provide the physician with a predictive
tool to diagnose what ailments a patient has without doing invasive testing.
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A second medical application is for cardiac ablation surgeries. These surgeries are complicated
procedures that require the patient to be under general anesthesia for eight or more hours [22].
Much of this time is spent creating an intracardiac map of the excitation timing within the
myocardium. If a general map could be produced using the VHM and patient specific data
before the procedure, the electrophysiologist would need less time for mapping and thus reduce
the overall surgical time.
After the surgery is completed, the patient is at risk for post-operative complications or
recurrence of the arrhythmia. The VPM would also have the capability to evaluate the
effectiveness of the ablation procedure and predict the likelihood of a recurrence or transference
of the arrhythmia from one site to another [23]. The collection of post-operative recordings from
a large number of patients will give the heart model the capability to predict both normal and
abnormal outcomes, allowing the doctor to preemptively choose the next step in the patient’s
treatment.
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11. APPENDICES
11.1. Appendix A: VHM version 1.0 – Virtual ICD and Heart State Machine
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11.2. Appendix B: VHM version 1.1 – Pacemaker/Sinus Rhythm State Diagram
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11.3. Appendix C: Pacemaker Flow Diagram
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11.4. Appendix D: Labview Code for Heart Model and Virtual Medical Devices
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